Although magnesium-based alloys have excellent mechanical properties, their very poor corrosion resistance limits their application. It has been considered that aluminum coating would solve this problem because aluminum has an excellent corrosion resistance. This study proposes a superior coating method based on the hot extrusion process. An aluminum plate set between the magnesium-based alloy billet and an extrusion die having an inversely angled face was successfully extruded together with the magnesium-based alloy billet and, as a result, the aluminum coated the extruded magnesium-based alloy with a uniform thickness. Corrosion tests based on dipping in HCl aqueous solution and potential measurement in NaCl aqueous solution showed that the extruded sample exhibited the same corrosion resistance as the aluminum. A three point bending test at room temperature resulted in fracture after plastic deformation, while at high temperatures between 100 and 300°C plastic deformation without fracture occurred. Notably, the intermetallic compound layer formed on the boundary between the magnesium-based alloy substrate and the aluminum coating layer plastically deformed without cracking at 300°C. A tensile test at room temperature resulted in a UTS of about 320 MPa and a plastic elongation of 18%.
Introduction
Magnesium-based alloys have the lowest density among all structural materials and they have high specific strength and stiffness. Moreover, magnesium-based alloys possess other attractive properties such as high ability of electromagnetic shielding and good recyclability. 13) While issues on environmental burdens and energy saving are increasingly gaining attention in recent years, one can expect that utilization of magnesium-based alloys for automobile components and mobile devices, weight saving of which is being required, should be quite helpful in solving the global environmental issues.
However, the usage of magnesium-based alloys has been limited by their very poor corrosion resistance originating from the high reactivity. In order to resolve this drawback, much effort has been devoted to the development of technique for aluminum coating on magnesium-based alloys e.g. plating, 4) anodizing, 5, 6) thermal spray, 710) laser cladding, 11, 12) lining 13) and diffusion coatings. 14, 15) However, several problems remain to be solved in these attempts such as heat influence on the substrate materials and increases in process steps and production cost. In the present study, a hot extrusion process is proposed as a new process for aluminum coating on magnesium-based alloys. In the extrusion process, aluminum and magnesium-based alloys should be deformed in contact with each other at high pressures and temperatures, which may realize the continuous contact between the newlyformed fresh surfaces of both the metals, thus yielding the strong bonding between both the metals. In addition, the extrusion should enable a thick coating that is not feasible in other processes described above. Also, this new coating process may have an advantage in that only commonly-used equipment for extrusion is utilized for this process and hence it should be a low-cost process. The main purpose of the present study is to investigate the feasibility of this new coating process and the properties of the extruded samples such as corrosion resistance, bending and tensile properties. Figure 1 shows the schematic illustration of experimental equipment used for indirect extrusion in this study. In our preliminary investigations, the direct extrusion method was attempted. However, the direct extrusion involved considerable friction between billet and container and it thereby requires quite a high load which was beyond the capacity of our equipment. Therefore, in the present experiment, we adopted the indirect extrusion process which entails less friction. In this study, aluminum coating on magnesiumbased alloy was attempted by putting a magnesium-based alloy billet and an aluminum plate together and extruding them. A commercially extruded bar of AZ80 alloy with a diameter of 42 mm was used for the substrate material. The chemical composition of the alloy is shown in Table 1 . The bar was cut into billets with a thickness of 30 mm. As a coating material, a commercially pure aluminum cast bar, having a diameter of 45 mm, was used. The purity of the aluminum was 99.7%. It was cut into disc shapes with a thickness of 3 mm. Before the extrusion process, the magnesium-based alloy was solution-treated at 400°C for 5 h, and then aging-treated at 350°C for 1 h. Figure 2 shows the schematic drawing of the die used in this study. The angle ª in Fig. 2(a) was varied from 0 to 30°a nd the effect of the die angle on the thickness of the aluminum coating was investigated.
Experimental Procedures
The aluminum plate was put between the magnesiumbased alloy and the die, on which three pipes were placed, as illustrated in Fig. 1 . The die and three pipes were preheated at 250°C before setting. Other three pipes of room temperature were put on the preheated pipes. All the materials inside the container were heated to the extrusion temperature of 310°C at a heating rate of 2°C/min. Then, the materials were extruded backward by loading on the pipes. The extrusion speed was 10 mm/min and the extrusion reduction was 92%.
After the extrusion, the extruded bar was cut every 10 mm from the tip of the bar to measure the thickness of the aluminum coating layer and to observe the microstructure of magnesium-based alloy on the section. For the measurement of the thickness of the coating layer, four parts at every 90°a long circumferential direction of the extruded sample were chosen on the cross-sectional surface and the optical micrographs of each part were taken at 500 magnification. Then, the thicknesses of the aluminum coating layer was measured at five positions arbitrary chosen in each micrograph and the average value of the thickness was calculated.
The microstructural observation of the magnesium-based alloy substrate in the extruded sample was carried out for the three representative samples; the initial, middle and last parts of the extruded sample bar. The section was polished and finished with buffing followed by etching with a mixture of picric acid of 32 mL, acetic acid of 20 mL, distilled water of 20 mL, and ethyl alcohol of 18 mL. The optical microscope and FE-SEM was utilized for the observation. The grain size of the magnesium-based alloy was measured with the area equivalent diameter and quadrature methods.
In order to investigate properties of the extruded sample, bending test, tensile test and corrosion test were conducted. The bending test was carried out based on a three-point bending method, and the cross-head speed was 200 mm/min, with the distance between supporting points of 75 mm and recorded bending displacement of 70 mm. The bending specimens were extruded with the die shown in Fig. 2 (c), and had 135 mm in length, 5.5 mm in thickness and 20.6 mm in width. The bending test was carried out at room temperature, 100, 200 and 300°C. In the high temperature bending tests, the specimens were heated using a hot plate, with a heating rate of 45°C/min and the temperatures of the specimens were measured using a contact-type thermometer. The difference in the temperatures measured on the upper and lower surfaces of the specimens was negligibly small it was within an experimental error of temperature measurement using the contact-type thermometer (¦T < 5°C). When the temperature of the specimens reached the intended temperature, the specimens were set on the equipment and the test was conducted immediately. A graphite sheet of 0.2 mm in thickness was set between the specimen and the rigid supports to reduce the friction during the test. After the bending test, a longitudinal section in the vicinity of the deformed part was observed with the optical microscope.
For the tensile test, the specimens had its tensile axes parallel to the extrusion direction. The specimens were prepared based on JIS14B with a gauge length of 60 mm. The tensile test was conducted at room temperature and at an initial strain rate of 8.3 © 10 ¹4 s
¹1
. The extruded magnesium-based alloy with aluminum coating, magnesium-based alloy without the coating and pure aluminum used in this study were subjected to the corrosion test in which the weight loss per unit area of the sample was measured in the 5.0 mass%HCl aqueous solution at room temperature. Additionally, the electric potential in 3.0 mass%NaCl aqueous solution with pH = 5.4 was measured for these three samples. The anode and cathode were secluded with agar salt bridge, and Ag/AgCl was used as a reference electrode. The cross-sectional surfaces of the extruded sample were covered with epoxy adhesive to expose only the side surface of the sample. The surfaces of the magnesium-based alloy without the coating and pure aluminum samples were polished with a #240 emery paper and their surfaces were partly covered with the epoxy adhesive to expose almost the same area as the extruded bar sample. In order to investigate the durability of the coating, the measurement was carried on for about four days. The detailed observation of the surface of the sample after the corrosion test was not performed and a particular attention was not directed at corrosion products in this study. Figure 3 shows a cross-sectional picture of the sample extruded with ª = 20°. The aluminum coats the magnesiumbased alloy uniformly in a circumferential direction. There is no crack near the coating/substrate interface and no peeling of the aluminum coating, which indicates that fabrication of aluminum coating on magnesium-based alloys by hot extrusion is feasible. Figure 4 shows the coating/substrate interface. It can be observed that a phase is formed on the interface. Figure 5 shows the results of EPMA performed on a line crossing this phase. Although the data are slightly scattered, the concentration of the newly-formed phase roughly falls within a range of Al : Mg = 3 : 2 and therefore the phase formed between the substrate and coating is considered Al 3 Mg 2 . Figure 6 shows the change of thickness of the aluminum coating in distance from the tip of the sample. When the die angle is small (ª = 0, 10°), the thickness of the aluminum coating decreases with the distance. On the other hand, when the die angle is large (ª = 30°), the thickness of the coating increases with the distance. When the die angle is 20°, the thickness of the coating is almost constant or slightly increases from 200 to 300 µm. In order to examine the reason why the thickness of aluminum coating depends on the die angle in this way, the materials remaining inside the container after the extrusion was observed. Figure 7 shows pictures of longitudinal-sections cut parallel to the extrusion direction of the materials remaining in the container after the extrusion. When the die angle is large, a larger amount of aluminum remains in the container. It was reported that metals near a die generally flow less easily when the die angle was high.
Results and Discussion

Effect of die angle on thickness of aluminum coating
16) It has been generally known that dead zone forms in the corner region of the container near die and the zone resists the flow of metal. 17) Furthermore, with the increase in die angle, the dead zone becomes larger. In the present experiment, the aluminum which was initially located just below the hole of the die was extruded, and the rest of the aluminum got into the dead zone. Then the rest of the aluminum was extruded gradually with magnesium-based alloy from the dead zone. If the die angle is high, the dead zone becomes larger and the aluminum is then likely to remain in the corner of the container near the die. Figure 8 shows the FE-SEM images of the as-received commercial magnesium-based alloy. Figures 8(a) and 8(b) show a cross-section and a longitudinal-section of the sample, respectively. Figure 9 shows a microstructure of the sample after the solution-treatment and aging-treatment. Moreover, Fig. 10 shows the FE-SEM images of a cross- section and a longitudinal-section in the middle part in length of an extruded bar. This sample was extruded with a 20°die. The grain size of the as-received sample in Fig. 8 is about 10 µm, and that of the sample before extrusion in Fig. 9 is about 20 µm due to the grain growth during the heat treatment before the extrusion. On the other hand, the grain size after the extrusion showed in Fig. 10 is about 2.6 µm.
Microstructure observation
The comparison between the grain structures in the crosssection and longitudinal-section of the extruded sample indicates that the grain structure in the extruded sample consist of equiaxed grains. Therefore, the grain refinement after the extrusion should be caused by recrystallization. Moreover, in the extruded sample, the fine precipitates were found on the grain boundary, which are considered to avoid the coarsening of the grains. The grain size of the extruded samples does not significantly depend on the die angle, being as small as 23 µm. Therefore, the grain refinement was realized in each condition of extrusion. The grain structures in the initial, middle and final parts in the longitudinal direction of the extruded bar were investigated and the grain sizes were, respectively, measured to be about 3.0, 2.5 and 2.6 µm. The grain size in the initial part is slightly larger than those in the others. This might be explained by the fact that the initial part was kept for a relatively long period of time at high temperatures in the furnace after passing through the die. However, there were no substantial difference in the grain size between the middle and final parts and, therefore, the appearance of slightly large grain size in the initial part can be caused by a factor inherent in deformation behavior near the tip of the extruded sample. More specifically, the part of the sample initially located in the vicinity of the die hole undergoes less reduction of cross-sectional area at the beginning of the extrusion and therefore the degree of deformation is relatively less than that extruded with the steady state. Accordingly, the degree of the grain refinement is slightly lower. Figure 11 shows the weight loss of the samples in the HCl aqueous solution. The magnesium-based alloy started to dissolve severely soon after immersion. However, the extruded sample with aluminum coating did not dissolve at all. The weight loss of the extruded sample is comparable to that of pure aluminum. Consequently, the coating by the present process improves the corrosion resistance of the magnesium-based alloy to the same level as pure aluminum.
Corrosion resistance of the extruded sample
In order to estimate the corrosion resistance of the extruded sample more strictly, the electric potential was measured continuously for four days. Figure 12 shows the results of the measurement. The electric potential of the pure aluminum and the magnesium-based alloy used in this study are about ¹0.7 and ¹1.6 V, respectively. The extruded sample showed about ¹0.7 V in the potential which is the same level as the pure aluminum and the potential was almost constant for four days. These results indicate that the extruded magnesiumbased alloy was fully covered with the aluminum coating. Figure 13 shows the load-displacement curves of the bending test. It is seen that the plastic deformation of the extruded magnesium-based alloy with the aluminum coating is possible at any temperatures of our interest. The bending load gradually decreases with the displacement after reaching the maximum value in all the cases. Although the sample fractured at room temperature, the samples deformed to the maximum displacement of 70 mm without fracture at other temperatures. The bending load during deformation decreases with the increase in test temperature. Figure 14 shows the micrographs of the interface between the magnesium-based alloy substrate and the aluminum coating in a fractured sample after the bending test at room temperature. These interfaces are in the tensile side of the bent sample. As shown in Fig. 4 , the intermetallic compound was formed at the interface. In Fig. 14 , the intermetallic compound layer has transverse cracks in a part far from the fracture point (Fig. 14(a) ) while it has longitudinal cracks in a part near the fracture point (Fig. 14(b) ). From this observation, it can be considered that the transverse cracks occurred in the intermetallic compound by the bending load in the initial stage of the bending deformation and further deformation lead to the fracture starting from the cracks. The longitudinal cracks in the Fig. 14(b) are considered to originate from the fracture of the intermetallic compound along the interface due to impact of the fracture of the sample. Figure 15 shows the interface of the specimens for the bending test at the elevated temperatures. Figures 15(a) 15(f ) show the interface in the compression side. In the pictures of the tensile side, the upper side is the aluminum coating and lower side corresponds to the magnesium-based alloy substrate. On the other hand, on the compression side, the upper and lower sides are the magnesium-based alloy substrate and the aluminum coating, respectively. The transverse cracks were observed in the intermetallic compound at 100°C, as is similar to the sample tested at room temperature. Although the cracks were observed in the sample tested at 200°C, the number of the cracks was less than that of the sample tested at 100°C. At 300°C, the cracks in the intermetallic compound were not observed. This result indicates that the intermetallic compound was plastically deformed at 300°C. When the test temperature of 200°C is considered, the intermetallic compound fractured at an angle of 45°with shear stress and the fractured pieces of intermetallic compound were stacked on the neighboring pieces on the compression side. On the other hand, the broken intermetallic compound was arranged linearly on the tensile side. On both the compression and tensile sides, no void was observed between the broken pieces of intermetallic compounds, and aluminum got into the gaps between the broken pieces to fill the gaps. By contrast, when the test temperature was 300°C, no crack in the intermetallic compound was found. The intermetallic compound was elongated linearly on the tensile side and pressed and curved in the compression side. Namely, the present aluminum coated magnesium-based alloy can be plastically deformed above 300°C. Figure 16 shows the stressstrain curve of the tensile test at room temperature. The ultimate tensile strength (UTS) is about 320 MPa and plastic elongation is about 18%. It is known that the mechanical properties of magnesium-based alloy strongly depend on the grain size and the grain refinement leads to the increases in strength and elongation. 18) The typical values of UTS and the elongation of the AZ80 alloy used in this study are about 280 MPa and about 5%, respectively.
Mechanical properties of extruded sample
19) From these data, it can be said that the present coating process based on the hot extrusion improves the strength and elongation due to the grain refinement occurring by the hot extrusion. It is known that microstructures and mechanical properties of an extruded material are different between the surface area and the center of the material. 20) In this study, the microstructures of the extruded samples have differences that slightly finer grains were found in the surface area than those in the center area. In this study, however, mechanical properties of the whole extruded sample having such non-uniformity were investigated thus the difference of the internal characteristics of the extruded sample was not taken into account. The tensile test for the magnesium-based alloy without aluminum coating was not performed. However, the thickness of the coating layer of 200 to 300 µm in the extruded sample is very thin compared with the thickness of the extruded sample of 5.5 mm. And hence it can be considered that the coating have a very little effect on tensile strength.
Conclusions
In the present study, the hot extrusion was proposed as a process to fabricate aluminum coating on magnesium-based alloys. The corrosion resistance, bending and tensile properties were investigated. The following conclusions were obtained. (1) Aluminum coating on magnesium-based alloy was realized by means of indirect extrusion in which pure aluminum plate was placed on top of the magnesiumbased alloy billet. (2) Inversely angled die with 20°enables uniform coating for a long distance in the length direction. The fine grain structure was simultaneously obtained over the extruded sample.
(3) The magnesium-based alloy with aluminum coating indicated greatly improved corrosion resistance, as good as pure aluminum. (4) Although the aluminum coated magnesium-based alloy fractured in the bending test at room temperature, the sample showed a good formability at temperatures above 100°C. However, cracks were observed in an intermetallic compound formed in the substrate/coating interface. At temperatures above 300°C, the intermetallic compound shows a good formability and the aluminum coated magnesium-based alloy showed an excellent plastic formability. It exhibits 320 MPa of tensile strength and 18% elongation at room temperature. 
